Frontotemporal lobar degeneration (FTLD) and amyotrophic lateral sclerosis (ALS) are 2 neurodegenerative disorders that share clinical, genetic, and neuropathologic features. The presence of abnormal expansions of GGGGCC repeats (G4C2 repeats) in a noncoding region of the Chromosome 9 open reading frame 72 (C9orf72) gene is the major genetic cause of both FTLD and ALS. Transcribed G4C2 repeats can form nuclear RNA foci and recruit RNA-binding proteins, thereby inhibiting their normal function. Moreover, through a repeatassociated non-ATG translation mechanism, G4C2 repeats translation leads to dipeptide-repeat protein aggregation in the cytoplasm of neurons. Here, we identify Drosha protein as a new component of these dipeptide-repeat aggregates. In C9orf72 mutation cases of FTLD-TDP (c9FTLD-TDP) and ALS (c9ALS), but not in FTLD or ALS cases without C9orf72 mutation, Drosha is mislocalized to form neuronal cytoplasmic inclusions in the hippocampus, frontal cortex, and cerebellum. Further characterization of Drosha-positive neuronal cytoplasmic inclusions in the hippocampus, frontal cortex, and cerebellum revealed colocalization with p62 and ubiquilin-2, 2 pathognomonic signatures of c9FTLD-TDP and c9ALS cases; however, Drosha inclusions rarely colocalized with TDP-43 pathology. We conclude that Drosha may play a unique pathogenic role in the onset or progression of FTLD-TDP/ALS in patients with the C9orf72 mutation.
INTRODUCTION
Frontotemporal lobar degeneration (FTLD) and amyotrophic lateral sclerosis (ALS) are 2 devastating neurodegenerative disorders with overlapping clinical, genetic, and neuropathologic features (1) . The presence of abnormal GGGGCC repeats expansion (G4C2 repeats) in an intronic region of the Chromosome 9 open reading frame 72 (C9orf72) gene is found in patients with familial FTLD (3%Y48%) and familial ALS (3%Y46%), those with sporadic forms of FTLD (2%Y23%) and sporadic ALS (0.4%Y21%), and those with the combination of both syndromes (10%Y88%) (2) . Dominant mutations in TARDBP and FUS/TLS were identified as causative of FTLD and ALS associated with TDP-43 (FTLD-TDP) and FUS (FTLD-FUS) inclusions, respectively (3, 4) . Similarly, mutations in the VCP (5, 6), GRN (7, 8) , and UBQLN2 (9) genes were associated with both familial FTLD and ALS cases, providing genetic evidence of common pathologic mechanisms linked to accumulations of TDP-43 inclusions and neurodegeneration (10) . Recently, the presence of abnormal G4C2 repeats expansion in C9orf72 were identified as the most common genetic abnormality in FTLD/ALS spectrum disorders characterized by TDP-43 pathology, which we refer to here as c9FTLD-TDP and c9ALS, respectively (11, 12) . The number of G4C2 repeats in the normal population ranges from 2 to 24 (11Y15), whereas up to several thousand repeats have been described in the pathologically expanded allele (11, 13, 16) , associated with approximately 10% of sporadic cases of FTLD-TDP and ALS and 25% to 40% familial cases (17) .
Since the identification of C9orf72 mutation as the major genetic factor linked to c9FTLD-TDP/c9ALS in 2011, enormous efforts have been made to elucidate the pathogenic mechanisms of these G4C2 repeats. It has been proposed that these mechanisms involve haploinsufficiency, protein toxicity of dipeptide repeat (DPR) aggregates produced from a repeatassociated non-ATG translation of G4C2 expanded sequences (18) , and RNA-gain of toxic function (19Y21). Moreover, several RNA-binding proteins including hnRNPA3, Pur >, ASF/S2, ADARB2, or nucleolin (22Y26) bind specifically to G4C2 repeated sequences, thereby affecting their ability to bind their natural RNA targets. The consequences of the RNAbinding protein recruitment could lead to disturbances in RNA processing, changes in expression levels of mRNA and/or microRNAs (miRNAs). In this regard, in other repeat expansions diseases, such as Fragile XYassociated tremor/ataxia syndrome, it was shown that nuclear RNA foci containing CGG-repeats expansions recruit DGCR8 and partially its partner Drosha protein, 2 key players in miRNA biogenesis (27) . Consequently, the processing of primary miRNAs is reduced in cells expressing CGG-repeats and in postmortem brain samples from Fragile XYassociated tremor/ataxia syndrome patients, resulting in decreased levels of mature miRNAs.
The emerging importance of miRNAs as key players in mechanisms of neurodegeneration may in part be caused by the complexity of miRNA-based regulatory networks that influence gene expression. Indeed, a growing number of studies point to the differential expression of miRNAs in postmortem brain samples from patients with neurodegenerative disease such as Alzheimer disease (AD), Parkinson disease, and Huntington disease, among others, as potential mediators of the diverse disease processes in these different disorders (28Y33). Here, we show that Drosha protein, but not its cofactor DGCR8, is mislocalized and forms neuronal cytoplasmic inclusions (NCIs) in the hippocampus, frontal cortex, and cerebellum of autopsy-confirmed c9FTLD-TDP and c9ALS cases, but not in FTLD-TDP and ALS cases without C9orf72 mutation, other neurodegenerative diseases, or control individuals. Interestingly, these cytoplasmic Drosha inclusions colocalize with DPR aggregates and with p62 and ubiquilin-2, 2 important factors involved in degradation of proteins via the ubiquitin/proteasome pathway.
MATERIALS AND METHODS

Autopsy Cohort
Human postmortem brain samples were obtained from the University of Pennsylvania, Center for Neurodegenerative Disease Brain Bank, under institutional review board approval, as recently reviewed (34) . Regions sampled included midfrontal cortex, hippocampus, and cerebellum from c9FTLD-TDP and c9ALS patients and age-matched FTLD-TDP, ALS, and control individuals ( (36, 37) . All necessary written informed consent forms were obtained from the patients or their next of kin and confirmed at the time of death.
Immunohistochemistry and Immunofluorescence
For immunohistochemistry (IHC) studies, paraffinembedded 6-Km-thick sections from various brain regions were deparaffinized in xylene and rehydrated in graded alcohol concentrations. Endogenous peroxidases were quenched by incubating sections in a solution of 5% H 2 O 2 /methanol for 30 minutes at room temperature. After washing in water for 10 minutes, antigen retrieval was performed in 1% Antigen Unmasking Solution (Vector) by microwaving for 15 minutes at 99-C. Slides were allowed to cool at room temperature and then washed with 0.1 mol/L Tris buffer, pH 7.6 for 5 minutes.
To reduce nonspecific signals, sections were immersed in blocking buffer (0.1 mol/L TrisY2% fetal bovine serum, pH 7.6) for 1 hour at room temperature and then incubated overnight at 4-C in a humidified chamber, with the primary antibody diluted in blocking buffer; anti-Drosha (rabbit, 1:500, Ab12286; Abcam, Cambridge, MA), antiYGly-Pro (GP, no. 2325, rabbit, 1:20,000, generated in CNDR), antiYGly-Ala (GA, no. 2328, rabbit, 1:20,000, generated in CNDR), and anti-GA (no. 5 F2, mouse, 1:1000, kindly provided by Dr. Edbauer [38] ). After 3 washes in 0.1 mol/L Tris buffer for 5 minutes, sections were incubated with a biotin-conjugated secondary antibody diluted in blocking buffer for 1 hour at room temperature. Antigen-antibody reactions were visualized using VECTASTAIN AB solution (Vector Laboratories, Inc., Burlingame, CA) and ImmPACT DAB solution (Vector Laboratories, Inc.). Hematoxylin-counterstained slides were dehydrated through graded alcohol concentrations and xylene and mounted with Cytoseal (Thermo Scientific, Rockford, IL). Bright-field images were acquired using a Nikon Eclipse TE2000 microscope using NIS-Elements software.
For double immunofluorescence (IF), paraffin sections were processed as previously described but omitting the endogenous peroxidaseYblocking step. Incubation with primary antibodies was done overnight at 4-C in a humidified chamber: anti-Drosha (rabbit, 1:250, Ab12296, Abcam, Cambridge, MA), p62 (mouse, 1:500, H00008878-M01; Abnova, Walnut, CA), antiYubiquilin-2 (clone 5 F5, mouse, 1:10,000, H00029978-M03; Abnova), anti-GA (no. 5 F2, mouse, 1:500), anti-p409/410 (TAR5P-1D3, rat, 1:200 [39] ). After several washes in 0.1 mol/L Tris buffer, samples were incubated in the dark with the corresponding secondary antibodies at 1:1000 dilution in blocking buffer for 1 hour at room temperature in a humidified chamber: goat anti-rabbit Alexa Fluor 594Yconjugated, goat anti-mouse Alexa Fluor 488Yconjugated, and goat anti-mouse Alexa Fluor 488Yconjugated (Molecular Probes, Eugene, OR). A final step to reduce endogenous autofluorescence was performed by immersing sections in a 0.3% Sudan black/70% ethanol solution for 5 minutes, followed by a vigorous wash in water for 10 minutes after which the sections were mounted in Vectashield medium containing DAPI. Images were obtained in a high-resolution Leica DMI6000 microscope using the Leica LAS-AF software. A total of 10 images (40Â) per section of each brain region containing Drosha NCIs were analyzed, and the percentages of Drosha NCIs that colocalized with DPR, p62, or ubiquilin-2 proteins in the c9FTLD-TDP (n = 4) and c9ALS cases (n = 4) were determined. The analysis and quantification were performed manually using ImageJ software. Results were expressed as the mean T SD (n = 4). Statistical differences of colocalization between brain regions were evaluated with a 2-tailed Student t-test.
RESULTS
Drosha Mislocalization in c9FTLD-TDP and c9ALS Cases
To elucidate if the presence of aberrant G4C2 repeats could alter the normal nuclear distribution of the RNA-binding proteins Drosha and DGCR8, their subcellular localization was analyzed in postmortem brain samples of FTLD-TDP and ALS cases with and without C9orf72 mutations and in agematched control individuals (Table, Supplemental In the hippocampus, all c9FTLD-TDP (8 of 8) and c9ALS (15 of 15) cases analyzed showed Drosha-positive punctate (Fig. 1A, E) and star-shaped (Fig. 1C) NCIs exclusively in granule cell neurons of the dentate gyrus. By contrast, no Drosha-positive NCIs were detected in the FTLD-TDP (0 of 9) and ALS (0 of 12) cases analyzed ( Fig. 1 G, H) ; the same was true for all the age-matched control individuals wherein Drosha was mainly in the nuclear compartment ( Figure Mislocalized Drosha in the hippocampus of c9FTLD-TDP and c9ALS patients. Drosha immunohistochemistry in the hippocampus of c9FTLD-TDP (AYD), c9ALS (E, F), FTLD-TDP (G), and ALS (H) cases. Drosha-positive neuronal cytoplasmic inclusions (NCIs) were exclusively observed in the dentate gyrus in C9orf72 mutation carriers (see arrows in A, C, E). Drosha NCIs show starlike (C, arrowhead and inset) or dotlike shapes (C, arrow and inset) in the cytoplasm of dentate granule neurons. Drosha accumulation into NCIs does not result in nuclear clearance of Drosha protein (D, arrowhead). Drosha-positive dystrophic neurites (DNs) also were frequently found in c9FTLD-TDP and c9ALS cases (B, F, arrowhead and insets), but, unlike the NCIs, Drosha-positive DNs were not exclusively associated with the presence of C9orf72 mutations. Nuclear Drosha was observed in dentate granular cells of FTLD-TDP (G) and ALS (H) cases, but no NCIs were seen. The insets are highermagnification images of the boxed areas in (B), (C), and (F). Scale bars = (A, B) 100 Km; (C, EYH) 50 Km; (D) 10 Km. http://links.lww.com/NEN/A717). Remarkably, Drosha accumulation as NCIs in c9FTLD-TDP and c9ALS cases did not result in the clearance of Drosha from the nucleus (Fig. 1D) . Furthermore, Drosha-immunoreactive dystrophic neurites (DNs) were observed in the molecular layer of the hippocampus in c9FTLD-TDP and c9ALS (Fig. 1B, F) . The amount and frequency of Drosha-immunoreactive DNs were similar in all c9FTLD-TDP and c9ALS cases; however, Drosha-immunoreactive DNs were observed in a minority of FTLD-TDP cases (2 of 9) (data not shown) but none in the age-matched controls. Thus, our results suggest that Drosha-positive NCIs but not DNs are specific for cases with C9orf72 mutations.
In the midfrontal cortex, Drosha-immunopositive NCIs were found in c9FTLD-TDP (5 of 5) and c9ALS (4 of 4) cases; however, these NCIs were restricted to a few scattered cells in superficial and deep layers (Fig. 2) . None of the FTLD-TDP (0 of 7) or ALS (0 of 4) cases without G4C2 expansion or age-matched control individuals showed Drosha-positive NCIs in that region. Drosha-immunoreactive DNs were also detected in the frontal cortex of all the c9FTLD-TDP (5 of 5) and c9ALS (4 of 4) cases analyzed ( Fig. 2A, C, arrowhead) and in a few FTLD-TDP cases (2 of 7) (data not shown). Similar to the finding in the hippocampi, none of the age-matched controls showed Drosha-positive DNs.
In the cerebellum, IHC revealed Drosha-immunopositive NCIs in the granular cell layer of c9FTLD-TDP and c9ALS cases (Fig. 2F, G, arrows) . However, unlike the hippocampi and midfrontal cortex, Drosha inclusions in the cerebellum were found in only subsets of c9FTLD (4 of 6) and c9ALS (2 of 8) cases (Table, Supplemental Digital Content 1, http://links.lww.com/NEN/A714). The FTLD and ALS cases without C9orf72 mutation and age-matched controls showed no significant changes in Drosha distribution. Finally, analysis of Drosha distribution in spinal cord samples did not reveal any significant differences between c9ALS, ALS, and control agematched individuals (data not shown), and no Drosha-positive NCIs were detected in the spinal cord region. Moreover, none of these cases or those without C9orf72 mutations or any of the controls showed changes in DGCR8 protein distribution, which was mainly nuclear (Figure, Supplemental Digital Content 5, http://links.lww.com/NEN/A718).
Drosha Is a New Component of DPR
Next, we compared the distribution of Drosha inclusions and GA and GP DPRs in hippocampus and cerebellum of our autopsy cohort. As reported by others (18) , GA-and GPimmunoreactive protein aggregates were only found in c9FTLD-TDP and c9ALS cases (data not shown). Furthermore, side-byside comparison of Drosha-positive NCI and GA or GP DPRs in consecutive brain sections showed fewer Drosha-positive inclusions compared with GA-and GP-positive DPR aggregates (Fig. 3AYF) , suggesting that Drosha mislocalization does not occur in all cells with DPR aggregates.
We then analyzed the percentages of Drosha NCIs that contained GA DPR and found that, although not all the DPR aggregates contained mislocalized Drosha, almost all Drosha NCIs are immunopositive for GA DPR in c9FTLD-TDP and c9ALS cases: hippocampus (94.47% T 11.1%), frontal cortex (94.9% T 11.67%) and cerebellum (99.1% T 1.75%).
Nonsignificant differences were observed in the percentage of colocalization between the 3 brain areas analyzed. Images in Figure 3 show Drosha-positive NCIs forming the core of inclusions that were surrounded by GA protein immunoreactivity (Fig. 3GYL) .
Drosha Inclusions Are Immunopositive for p62 and Ubiquilin-2
The presence of p62-positive/TDP-43Ynegative NCIs in the hippocampus and cerebellum has been described as a key pathologic feature in c9FTLD-TDP and c9ALS cases (36, 40Y47). In addition, NCIs and DNs immunoreactive for the ubiquilin-2 have been found in several brain regions of c9FTLD-TDP and c9ALS cases and are diagnostic signatures of the presence of C9orf72 mutations in these disorders (36) . To determine if Drosha, TDP-43, p62, and/or ubiquilin-2 colocalize in the inclusions found in C9orf72 mutation cases, we examined pathologic NCIs in the hippocampus, frontal cortex, and cerebellum for the presence of these proteins. Analysis of double IF of Drosha-positive NCIs in the hippocampus, frontal cortex, and cerebellum of both c9FTLD-TDP and c9ALS cases showed that high percentages of them were also immunopositive for p62: 89.3% T 11.9%, 97.1% T 9.2%, and 92.8% T 6.2%, respectively (Fig. 4AYC) . Similar colocalization of Drosha and ubiquilin-2 was also found: 89.1% T 14.1% in the hippocampus, 94.9% T18.8% in the frontal cortex, and 99.5% T1.43% in the cerebellum (Fig. 4DYF) . Nonsignificant differences were observed in the percentage of colocalization between the 3 brain areas analyzed. Interestingly, only rare Drosha NCIs were found to colocalize with phosphorylated TDP-43, a hallmark of FTLD-TDP and ALS pathology (data not shown). Moreover, we noted that not all p62-and ubiquilin-2Yimmunoreactive inclusions contained mislocalized Drosha.
DISCUSSION
Here, we describe the presence of mislocalized Drosha protein in NCIs in c9FTLD-TDP and c9ALS cases. Drosha is a Class II RNase III endonuclease and together with its cofactor DGCR8 are the main components of the microprocessor complex involved in the first steps of miRNA biogenesis (48Y51). The primary miRNA, which may contain sequences encoding multiple miRNAs, is cleaved in the nucleus by Drosha at the base of the stem-loop into shorter precursor miRNA (52Y55). Because the presence of secondary RNA structures forming stem-loops is important to DGCR8 recognition and Drosha processing and because structural studies have shown that G4C2 repeats can form secondary G-quadruplex structures (23, 56Y58), we hypothesized a potential RNA-toxic effect of G4C2 expansions recruiting these 2 microprocessor components. Interestingly, Sellier et al (27) showed earlier that, in Fragile XYassociated tremor/ataxia syndrome, a trinucleotide repeat expansion-associated disease, the expression of transcripts containing pathologic CGG repeats was found to sequester DGCR8 and Drosha proteins, thereby supporting the idea of an RNA-gain of function.
Initially, the distribution of Drosha and DGCR8 was analyzed in affected brain regions of c9FTLD and c9ALS cases with p62 pathology and abundant DPR-immunoreactive inclusions, including the hippocampus, frontal cortex, and cerebellum and spinal cord (18, 45, 59) . Consistent with a canonical role of the microprocessor complex in the nucleus, our IHC analyses in control cases showed that Drosha and DGCR8 proteins were mainly localized in the nuclear subcellular compartment. No significant differences in DGCR8 protein distribution were observed between c9FTLD-TDP or c9ALS cases and age-matched FTLD-TDP, ALS, or control individuals. Interestingly, despite the fact that we hypothesized that Drosha could bind G4C2-rich sequences as potential targets and be sequestered into the nuclear RNA-foci, Drosha protein was mainly mislocalized to the cytoplasm of some neurons in the dentate gyrus of the hippocampus, frontal cortex, and granular layer of the cerebellum in c9FTLD-TDP and c9ALS patients. It is important to point out that Drosha NCIs are only observed in specific neuronal populations affected by DPR inclusions and not in hippocampal pyramidal neurons or cerebellar Purkinje cells, among others, indicating a specific neuronal vulnerability of Drosha mislocalization to the cytoplasm.
The mechanism that drives Drosha protein to accumulate in the cytoplasm of a subset of neurons remains unknown. Similar findings have been reported by Mori et al (25) for hnRNPA3, another nuclear RNA-binding protein, which was also found to form NCIs in patients with C9orf72 mutations. The fact that, in vitro, hnRNPA3 can bind to G4C2-expanded sequences together with its function in mRNA export suggests that hnRNPA3 plays a role in the G4C2 transcript nuclear export. In vitro, other RNA-binding proteins are able to recognize and bind specifically to G4C2 repeats (22Y26), but only a few of them, Pur->, hnRNPH, hnRNPA1, and ADARB2 colocalize with G4C2 repeats RNA-foci in cellular models or in human postmortem tissue (22Y26). Although none of the in vitro studies enumerated above identified Drosha as a candidate protein that directly binds to G4C2 repeat sequences, we cannot exclude the possibility that Drosha could bind to the G4C2 repeats transcripts through an unknown cofactor and be transported to the cytoplasm.
Furthermore, redistribution of Drosha protein into the cytoplasm has been associated with the processing of virusderived cytoplasmic miRNAs, a noncanonical Drosha function independent of DGCR8 protein (50Y52). Because virusderived cytoplasmic miRNAs are able to drive changes in phosphatase-kinase balance in mammalian cells, Drosha was shown to be actively transported between the nucleus and the cytoplasm by a CRM1-dependent manner (60Y62). Drosha protein also has been proposed as a vestigial remnant of the small RNAYmediated defense mechanism that is evolutionarily conserved and is involved in the cleavage of mRNA during times of cellular stress (52) . In this regard, whether the expression of aberrant G4C2 repeats transcripts could activate analogous signaling pathways linked to cellular stress and defense against foreign RNA remains to be investigated.
Although Drosha accumulates in NCIs in c9FTLD-TDP and c9ALS cases, the complete clearance of Drosha from the nucleus was not observed; however, we cannot rule out the possibility that changes in protein homeostasis could affect the processing of miRNAs and/or RNAs. Indeed, it has been reported that changes in Drosha expression levels are sufficient to modify a variety of miRNA that are processed in cells (63) . Recently, it has been reported that TDP-43 protein interacts with Drosha in vitro and its downregulation affects the biogenesis of miRNAs (64) . Although it is plausible that Drosha could be sequestered by pathologic TDP-43 species in the cytoplasm, our present results do not support this hypothesis because Drosha-positive NCIs were rarely positive for phosphorylated TDP-43. Furthermore, Drosha-positive NCIs were only found in C9orf72 mutation cases. Although the mechanism that drives both proteins to aggregate in c9FTLD-TDP and c9ALS patients is not known, the disturbance of these 2 functional related proteins involved in RNA/miRNA processing could contribute to abnormal neuronal functions.
Further characterization of Drosha NCIs in the hippocampus, frontal cortex, and cerebellum of c9FTLD-TDP and c9ALS cases revealed that Drosha protein was a component in some GA-positive DPR aggregates. The sequestration of Drosha protein into some DPR aggregates again indicates a potential vulnerability of neuronal population (also described for Unc119 protein [65] ) and that could contribute specifically to FTLD and ALS pathology in patients with C9orf72 mutations.
Previous reports showed that cytoplasmic DPR aggregates were surrounded by p62 protein (38, 66) , a ubiquitinbinding scaffold protein (Sequestosome 1) that colocalizes with ubiquitinated protein aggregates in many neurodegenerative diseases (41, 47, 67Y70). Here we showed by double IF that Drosha-positive inclusions are p62 and ubiquilin-2 positive but TDP-43 negative in the hippocampus, frontal cortex, and cerebellum, although the TDP-43 inclusions are characteristic signatures in c9FTLD-TDP and c9ALS cases. In addition, the fact that Drosha NCIs colocalized with the ubiquitin-like protein ubiquilin-2 could indicate that both DPRs and Drosha are misfolded proteins that are likely to be degraded via the ubiquitin proteasome system; however, the presence of p62 and ubiquilin-2 into Drosha-positive NCIs could be caused by the coaggregation with DPR aggregates.
In summary, in the present study, we show that the mislocalization of Drosha to NCIs is specific for both FTLD-TDP and ALS cases with C9orf72 mutation. The Drosha NCIs also contain DPR proteins, p62 and ubiquilin-2, and rarely pTDP-43. However, not all DPR NCIs are immunoreactive for Drosha. This mislocalization of Drosha to NCIs did not appear to be random or solely as function of pathologic protein misfolding because it is not observed in FTLD-TDP and ALS cases without C9orf72 mutation or other neurodegenerative diseases. Although the mechanism of Drosha aggregation in the cytoplasm is still unknown, our data support the hypothesis that this is directly related to DPR aggregation. Thus, although the presence of Drosha NCIs might not be a diagnostic tool compared with DPR NCIs, it may increase our understanding on the contribution of DPR proteins and their aggregations in c9FTLD and c9ALS. Our finding of Drosha sequestration in DPR aggregates in c9FTLD and c9ALS supports the idea that disturbance of RNA/miRNA processing may play an important role in these 2 neurodegenerative diseases.
